BACKGROUND: Early diagnosis of ventilator-associated pneumonia (VAP) is necessary to reduce
Introduction
Ventilator-associated pneumonia (VAP) is a well-known complication affecting up to 27% of mechanically ventilated patients. It accounts for approximately 25% of all ICU-acquired infections and for Ͼ50% of all antibiotic use in ICU patients. 1 VAP prolongs ICU stay and mechanical ventilation and increases costs of hospitalization. Overall mortality ranges between 20 and 50% and may reach 70% in patients with VAP and immunosuppression and/or multidrug-resistant infections, whereas VAP-attributable mortality approximates 30%. 2 Besides pathogen virulence and host defense response, inappropriate or delayed initial antimicrobial therapy are factors associated with increased mortality. 3, 4 Many clinical entities, such as alveolar hemorrhage, drug-induced lung toxicity, cardiogenic pulmonary edema, primary or secondary ARDS, collagen vascular diseases, and primary or metastatic lung cancer may mimic lower respiratory tract infections, but they differ from VAP in terms of management and overall prognosis. 5 However, no single clinical symptom or sign, imaging, or microbiological test can be used for the accurate early diagnosis of VAP. In addition, histopathology and/or tissue cultures is the most accepted, but not uniformly accepted, standard. 6 Several combinations of criteria related to clinical manifestations, radiology techniques, and/or bacteriological data derived from bronchoalveolar specimens have been proposed for the diagnosis of VAP. The criteria introduced in 1972 by Johanson et al 7 included clinical and radiographic variables but had moderate sensitivity, specificity, and accuracy (69, 75, and 72%, respectively) when compared with immediate postmortem lung biopsies. 8 More recently, the Clinical Pulmonary Infection Score (CPIS) was reported by Pugin et al 9 as a new surrogate clinical marker for VAP. Despite the fact that sensitivity and specificity of CPIS for VAP diagnosis were high (93 and 100%, respectively) in the original publication, which was based on a small study population (N ϭ 28), 9 subsequent studies concluded that the score performed moderately compared with either pathological diagnosis or bronchoalveolar lavage fluid (BALF)-established diagnosis. 2, 10 At present, the most routinely utilized clinical criteria for VAP are those developed and recently updated by the United States Centers for Disease Control and Prevention (CDC). 11 Fiberoptic bronchoscopy is a useful, albeit interventional, diagnostic modality that offers the potential for direct inspection of bronchial mucosa and respiratory secretions and for obtaining microbiological samples by using protected specimen brushing and/or bronchoalveolar lavage (BAL). Microbiological (quantitative and semiquantitative) analyses of specimens and recovery of a microorganism in sufficient quantity from the lower airways outweigh the lack of specificity associated with pure clinical diagnostic approaches to VAP. On the other hand, VAP diagnosis may be delayed for up to 48 -72 h pending BALF cultures. In this context, direct (within 2-3 h) cytologic examination of BALF may serve as an adjunct to a clinical approach for early diagnosis of VAP. The aim of the present study is to examine the performance of macroscopic bronchoscopic findings and cytological analysis of BALF as an early diagnostic tool for VAP, either alone or in combination with clinically oriented scores, such as the CPIS or Johanson criteria. 7 
Methods

Subjects
Bronchoscopy with BAL was performed in consecutive mechanically ventilated subjects admitted to the ICU of Laiko General Hospital for acute respiratory failure, as indicated by deteriorating respiratory function (a significant decrease in P aO 2 and/or an increase in P aCO 2 ) and new onset or worsening pathology of plain chest radiograph and/or computed tomography (consolidation, infiltrates, pleural effusion, or atelectasis). The following variables were recorded for each subject: sex, age, comorbidities such as COPD and immunosuppression, total stay in the ICU, APACHE II (Acute Physiology and Chronic Health Evaluation II) score on ICU admission, length of intubation period, body temperature, presence or absence of shock, complete blood count, and treatment with antibiotics and/or antifungal agents at the time of bronchoscopy. The study received the approval of the Ethics Committee of Laiko General Hospital.
QUICK LOOK
Current knowledge
Ventilator-associated pneumonia (VAP) accounts for ϳ25% of all ICU-acquired infections and Ͼ50% of all antibiotic use in ICU patients. Early diagnosis of VAP cannot rely on a single clinical symptom or sign, imaging, or microbiological test. The average diagnostic performance of scores based on combinations of clinical and/or radiographic criteria (eg, modified Clinical Pulmonary Infection Score [CPIS] or Johanson criteria) is moderate and varies among different studies.
What this paper contributes to our knowledge
Integrating relative neutrophil cell count in modified CPIS or Johanson criteria optimized their specificity but decreased sensitivity to poor levels. Radiographic progression and presence of distal purulent secretions on bronchoscopy were the only independent early recognizable factors significantly associated with VAP diagnosis. A new diagnostic score, which incorporated clinical (duration of mechanical ventilation, presence of immunosuppression), radiographic, and early bronchoscopic findings (purulence of distal secretions), presented excellent diagnostic accuracy for VAP compared with either Johanson criteria or modified CPIS.
Bronchoscopy
Intravenous boluses of midazolam or propofol were administered to provide sedation during bronchoscopy. The BAL procedure was carried out by instillation and recovery of 5-7 20-mL aliquots of sterile 0.9% normal saline solution. Wedge position was decided on the basis of radiology findings (radiograph and/or computed tomograph), whereas right middle lobe or lingula were preferred in subjects with diffuse pulmonary infiltrates or inconclusive radiology. BALF recovery was Ն40 -50 mL in all cases.
Fluid recovered from the first 20-mL aliquot was handled as a bronchial washing specimen, since it contains a greater proportion of bronchial epithelial cells, and was cultured for common pathogens and mycobacteria. Subsequent aliquots were considered to be more representative BALF specimens. Two of them were placed in specific Cytolyt solution containers and were sent to the cytology laboratory within the first 2-3 h after bronchoscopy. At least one additional BALF specimen was stained and cultured for common pathogens or examined after specific stains (eg, acid-fast stain, Grocott methenamine silver stain, immunofluorescence). BALF cytology included differential cell counts and investigation for possible specific diagnoses, such as alveolar hemorrhage, primary or metastatic pulmonary malignancy, common or specific lung infections (eg, caused by Pneumocystis jirovecii, cytomegalovirus, or mycobacteria), or pulmonary manifestations of a systemic disease (eg, sarcoidosis, collagen vascular disease). In subjects with a clinical suspicion of diffuse alveolar hemorrhage and increased number of hemosiderin-laden macrophages in BALF, the Golde score was calculated, as originally defined by Golde et al. 12 A Golde score of Ͼ100 was considered to indicate severe diffuse alveolar hemorrhage, whereas a score between 20 and 100 was considered mild to moderate. In addition, direct or indirect signs of malignancy from direct inspection of the bronchial tree, macroscopic appearance of distal secretions surging from segmental bronchial inlets (serous, mucous, purulent, and/or bloody), bronchial mucosal edema, or friability were recorded as well.
VAP Definitions and Clinical Scores
The updated definition of VAP provided by the CDC/National Healthcare Safety Network (PNU2) 11 was used as the accepted standard when comparing the performance of different definitions and scores in early diagnosis of VAP. The examined definitions were the commonly used Johanson clinical criteria (Definition A), the modified CPIS (Ͼ6) (Definition B), 13 and new definitions originating from the combination of Definitions A and B with different neutrophil differential (%) cell count cutoff values (20 -80%) in BALF analysis (Definitions C and D, respectively) or from the linear combination of various independent variables and covariates included in the multivariate analysis described below in the Statistical Analysis section (Definition E).
Statistical Analysis
Non-parametric methods (Mann-Whitney or KruskalWalis) were used for the comparison of continuous variables, since distribution was not normal for most variables and sample size was relative small. The appropriate parametric (chi-square test) or non-parametric method (Fisher exact test) was selected for the comparison of unranked categorical variables among different subject groups. The non-parametric Kendall's tau test was performed to measure the correlation between two ranked variables.
The predictive value of isolated or combined clinical characteristics and/or BAL and/or other laboratory measurements in diagnosing VAP was analyzed by univariate or multivariate logistic regression models. A separate clinical score was calculated for each subject from a linear combination of independent variables and covariates included in the multivariate model. More specifically, the coefficients used for the calculation of the score were the same as the respective ␤ coefficients (or equivalently the log odds ratios), as estimated in the multivariable analysis. A receiver operating characteristic curve analysis was then used to determine the optimal cutoff value for the new score (Definition E) and for the proposed VAP Definitions C and D. Sensitivity, specificity, positive and negative predictive values, and correct classification rates were calculated for each VAP definition (A-E).
The statistical package STATA 10 (StataCorp, College Station, Texas) was used for analyses. A statistical association was considered significant if the P value was Ͻ.05.
Results
Fifty-four consecutive subjects (31 males/23 females), with a median age of 72 y (interquartile range 58 -80 y), were finally included in the study and underwent bronchoscopy with BAL. The reasons for initial ICU admission were as follows: severe pulmonary infection (n ϭ 18), sepsis/multi-organ failure (n ϭ 11), extubation failure in the early postoperative period (n ϭ 9), acute cardiac events (n ϭ 10), and coma (n ϭ 6). Thirty-five subjects were finally diagnosed as having VAP according to the updated definition of VAP provided by the CDC/National Healthcare Safety Network, whereas worsening of respiratory function in the remaining subjects was caused by ARDS (n ϭ 4), acute cardiac failure (n ϭ 3), atelectasis (n ϭ 5), alveolar hemorrhage (n ϭ 2), P. jiroveci infection (n ϭ 2), cytomegalovirus infection (n ϭ 1), uremic lung (n ϭ 1), and disseminated intravascular coagulation (n ϭ 1). Subjects with VAP had higher median CPIS and median body temperature compared with subjects with another diagnosis, as shown in Table 1 . Table 2 demonstrates the macroscopic bronchoscopic findings and the results of cytological and microbiological analyses of BALF. The persistence of purulent distal secretions surging from segmental bronchial inlets was more frequent in subjects with VAP (P Ͻ .001). As expected from the definition of VAP, the rate of isolation of any pathogen was higher in the VAP group (P Ͻ .001). The most frequently isolated pathogens were Pseudomonas aeruginosa and Acinetobacter baumannii. On the contrary, macroscopic findings of inflammation (eg, bronchial mucosal edema or friability) were more prevalent in subjects without VAP (P ϭ .038).
The presence or absence of VAP was treated as a dichotomous dependent variable in a univariate logistic regression analysis, whereas the clinical and laboratory parameters included in Tables 1 and 2 were the examined independent variables. New onset or progressive deterioration of preexisting consolidation and/or lung infiltrates on chest radiograph or computed tomograph (odds ratio [OR] 30.60; 95% CI 3.45-271.51), BALF culture positivity (OR 58.29; 95% CI 6.48 -524.04), and the persistent presence of purulent distal secretions surging from segmental bronchial inlets (OR 58.29; 95% CI 6.48 -524.04) were the only statistically significant factors associated with VAP in univariate analysis (P ϭ .002, Ͻ.001 and Ͻ.001, respectively) ( Table 3 ). A multivariate analysis was then performed, including radiological progression as defined previously; the presence of purulent distal secretions on bronchoscopy; duration of mechanical ventilation, which is a known risk factor for VAP 2 ; and the presence or absence of immunosuppression (see Table 4 ). The new score generated from the linear combination of independent variables and covariates included in the multivariate model was named RPDMI (radiological progression, purulent secretions, duration of mechanical ventilation, immunosuppression). The RPDMI score was calculated by the equation: RPDMI ϭ 7.9 ϫ radiological progression ϩ 8.4 ϫ purulent secretions ϩ .064 ϫ duration of mechanical ventilation in days Ϫ 2.89 ϫ immunosuppression. The presence of each of radiological progression, purulent secretions, or immunosuppression scored 1 point, whereas duration of mechanical ventilation was handled as a continuous variable. The accuracy of RPDMI for early diagnosis of VAP was excellent according to the area under the receiver operating characteristic curve (AUC) (0.96, 95% CI 0.87-0.96) with an optimal combination of sensitivity (94.3%, 95% CI 88.1-100%) and specificity (84.2%, 95% CI 74.5-93.9%) at a cutoff value of 14.1 (Definition E). On the other hand, the corresponding diagnostic accuracy was good for Definition B (AUC: 0.80, 95% CI 0.67-0.93), fair for Definition C (AUC: 0.78, 95% CI 0.65-0.89), and poor for Definition D (AUC: 0.68, 95% CI 0.53-0.80) (Fig. 1) . Sensitivity, specificity, positive and negative predictive values, and correct classification rate (%) for the early diagnosis of VAP were calculated for each of the 5 aforementioned proposed definitions (A-E) ( Table 5 ).
Incorporating the effect of relative neutrophil cell count (%) (at various cutoff values) in Definitions C and D increased specificity at the expense of sensitivity. Definition C including a 20% cutoff value offered the best combination of sensitivity (67.6%, 95% CI 54.7-80.6%) and specificity (81.3%, 95% CI 70.4 -92.1%).
Discussion
The diagnosis of VAP is made when a patient who has been mechanically ventilated for Ն48 h develops a new or progressive infiltrate, and the respiratory specimens are positive. However, VAP cannot be confirmed or ruled out until the completion of culture results, which generally takes 2-3 d. Furthermore, pure clinical approaches, such as modified CPIS and Johanson criteria, are characterized by a wide variance in sensitivity and specificity among different studies and a relatively moderate overall performance in early VAP diagnosis. Our study questioned the possible role of early bronchoscopic (macroscopic or cytologic) findings as a separate diagnostic tool or as an low specificity (Յ80%) for VAP diagnosis. Furthermore, modified CPIS lacks sensitivity (Ͻ80%), as described in the present and previous studies focusing on the simplified version of the CPIS. 13, [16] [17] [18] The relative neutrophil cell count (%) at various cutoff levels did not substantially improve the diagnostic performance of either modified CPIS or Johanson criteria. This result could be partially justified by the absence of a significant difference in neutrophil cell count between subjects with VAP and subjects with another diagnosis. Although most of the few previous studies focusing on the role of cellular profiles of BALF for the differential diagnosis between bacterial and viral pneumonia 20 or pneumonia and other diagnoses [21] [22] [23] concluded that bacterial pneumonia was associated with higher percentages of neutrophils in BALF, only 2 of these publications included subjects receiving mechanical ventilation, 20, 23 which may mildly increase BALF neutrophil count even in the absence of lung injury, 24 and none of them focused on VAP. In the present study, among the 19 subjects without VAP, all 4 subjects with ARDS, 1 of 5 subjects with atelectasis, and all 3 subjects with acute cardiac failure had a percentage of neutrophil cell count in BALF Ͼ50%. Increased relative neutrophil cell counts (up to 50%) have been observed previously in the early stages of ARDS 25 and atelectasis 26 and have been attributed to a possible mechanism of increased alveolar-capillary permeability. On the contrary, although prolonged mechanical ventilation per se may mildly increase BALF neutrophil cell count, this cannot completely explain the high neutrophil percentage in the 3 subjects with acute cardiac failure. All had clinical and/or radiographic deterioration, significantly elevated serum brain natriuretic peptide levels, and abnormal echocardiogram and improved after intense medical therapy for heart failure. Although high levels of relative neutrophil cell count (%) may imply the co-existence of an underlying mechanism of acute lung injury, none of these subjects typically fulfilled the criteria for ARDS. An important reason for the poor accuracy of existing clinical criteria (CPIS or Johanson) for diagnosing VAP could be the fact that purulent tracheobronchial secretions are also present in patients without VAP receiving mechanical ventilation or in patients with ventilator-associated tracheobronchitis. 1, 27, 28 In addition, clinical signs, symptoms, and microbiologic criteria for evaluating endotracheal sputum aspirate samples included in the diagnostic criteria for ventilator-associated tracheobronchitis overlap with the criteria for VAP. However, ventilatorassociated tracheobronchitis does not involve pulmonary parenchyma and, thus, does not cause the progressive radiographic pulmonary infiltrates included in the VAP definition. 29 Along the same lines as our findings, a previous bronchoscopic study by Timsit et al 30 recognized the presence of distal purulent secretions, the persistence of distal secretions surging from distal bronchi during exhalation, and the decrease of P aO 2 /F IO 2 for Ն50 mm Hg as significant factors associated with a diagnosis of pneumonia in mechanically ventilated subjects; the presence of at least 2 factors had a sensitivity of 78% and a specificity of 89%. 30 The RPDMI score incorporates both factors of radiographic progression and distal purulent secretions, and this could possibly explain its better diagnostic accuracy compared with other purely clinical criteria.
It is of notice that subjects belonging in the VAP or non-VAP group (see Table 1 ) had similarly high mortality rates (65.7 and 52.6%, respectively, P ϭ .52). This observation could be partially explained by the relatively high APACHE scores of subjects on ICU admission (median 20, interquartile range 15-26 and median 22, interquartile range 17-24, respectively, P ϭ .72), which have been associated with predicted death rates ranging from 40 to 50% in non-operative subjects. 31, 32 Unfortunately, our institutional admission policy is restricted to more severely ill patients due to limited ICU beds. We should also take into consideration the fact that the observed mortality rates among ICU patients who are transferred from other inpatient facilities may be even higher than those predicted by APACHE II (lead time bias). 33 Moreover, it should be emphasized that our observational study exclusively aimed to identify isolated clinical and laboratory factors or clinical scores that best predict VAP and that assessing the possible impact of a novel therapeutic strategy based on RPDMI or other scores on mortality outcome was beyond the scope of this study.
We acknowledge some limitations of the present study. First, our accepted standard for VAP diagnosis was the definition provided by the CDC/National Healthcare Safety Network with microbiological evidence based solely on 34, 35 whereas interpretation of findings by different pathologists may present significant variation (18 -38%). 6 It is also worth commenting on the excessively high ORs of the two variables (new or progressive infiltrates and purulent distal secretions) included in the multivariate analysis. Some possible explanations for these results are: (1) these two variables had very high ORs in the univariate analysis as well (30.6 and 58.3, respectively); (2) unlike linear regression models, ORs estimated from logistic regression analysis can easily become very high, since they are derived from exponentiation of the respective ␤ coefficients; and (3) the relatively small sample size, although more than adequate compared with other similar studies, cannot ensure stable and precise estimates. In particular, after a simple crosstabulation of VAP with these two variables, specific cells of the corresponding 2-way tables have very low frequencies. Nonetheless, the very high ORs still reflect the huge and well-known prognostic value of the respective clinical findings. Finally, the negative impact of the presence of immunosuppression on RPDMI score is another limitation of the present study. A possible explanation for this observation is that, in these subjects, early antibiotic modification is a common practice on the basis of a low clinical diagnostic threshold for VAP but may influence final microbiology results. However, the low number (n ϭ 16) of immunosuppressed subjects included in our analysis makes it difficult to draw a definite conclusion for the role of RPDMI score in this category of critically ill patients.
Conclusions
This study did not substantiate any additive diagnostic value in VAP diagnosis by combining BALF cytology with classical pure clinical scores. On the other hand, a new score encompassing clinical and radiological characteristics and an early bronchoscopic finding (purulence of secretions from distant airways) presented excellent diagnostic accuracy. The utility of this diagnostic tool should be further evaluated in larger populations of mechanically ventilated patients, including those with immunosuppression. In addition, a randomized control trial would be very useful in assessing the possible impact of an RPDMI scorebased treatment approach on specific outcomes, such as mortality, ventilator-free days, total duration of ICU stay, and rationalization of antimicrobial use.
